The success of the production of renewable bioenergy with short-rotation coppice (SRC) cultures primarily depends on their sustainability and biomass yield. The choice of the genotypic materials largely determines how much biomass can be produced; therefore there is a need to study the performance of genotypes in situ to select the best performing ones. Twelve poplar (Populus) genotypes, of which two only recently commercialized, were planted in a large-scale operational SRC culture for the production of biomass for bioenergy. The objectives of the study were: (i) to describe and compare the 12 genotypes based on their growth, structural and developmental characteristics, and (ii) to analyze causal relationships between determining traits and productivity characteristics assessed at leaf, tree and population level by performing a hierarchical cluster analysis. The clustering of the poplar genotypes was clearly determined by parentage and genetic origin. Distinct differences between clusters were expressed in the biomass related traits; genotypes of similar parentage and origin showed comparable characteristics. Populus nigra genotypes were the least performing among the studied genotypes. The recently commercialized P. trichocarpa Â P. maximowiczii hybrids on the other hand, were among the most productive genotypes. The P. deltoides Â P. nigra hybrids showed intermediary results, with genotype Hees showing the highest biomass production among the 12 genotypes. As higher heating value was rather uniform among the genotypes, biomass production appeared the primary trait with regard to bioenergy production. This has significant implications for SRC cultures aiming at maximization of biomass production for maximum bioenergy yield. Besides the direct measurements of woody biomass growth (i.e. stem diameter), leaf area index is one of the most important early selection criteria for poplar with bioenergy purposes. The negative correlation of biomass and leaf rust infection reconfirmed the importance of disease vulnerability in breeding and selection programs.
Introduction
Short-rotation coppice (SRC) with poplar or other fast-growing species for the production of bioenergy is currently gaining interest within the framework of global energy supply (Sadrul Islam and Ahiduzzaman, 2012) . The success rate of renewable bioenergy from SRC cultures primarily depends on their sustainability and productivity or biomass yield. The choice of the genotypic materials used for the SRC cultures largely determines the amount of biomass that can be produced in a specific area or region (Kuiper, 2003) . Therefore there is a need to study the performance of genotypes in situ to select the best performing genotypes. Nevertheless, on operational, large-scale plantations the use of a sufficiently broad genetic diversity among the planted genotypes is necessary to decrease cultivation risks such as diseases, insects or pests, rather than relying on the single highest performing genotype only. Moreover, mixing several genotypes with complementary strategies in a SRC plantation possibly results in a more efficient use of abiotic site resources (McCracken et al., 2001) .
Continuous breeding and selection efforts are required to continuously improve productivity of the genotypic materials, in particular for short rotation biomass plantations, and to create a sufficiently large genetic variation in the commercially available genetic materials. In Belgium and in The Netherlands any new poplar genotype is submitted to a 20 yr screening and selection period before it is certified and put on the list of commercially available plant materials. Despite the historical popularity and preserved current importance of Populus tree species in both countries (De Cuyper, 2008; de Vries, 2008) , the application in SRC cultures is limited. To our knowledge, the genotypes in the present study (cfr. 2.1) have rarely been studied (except for the oldest genotype 'Robusta') and have never been planted in large-scale operational bio-energy plantations. Besides the fact that the other 11 genotypes were commercialized for a few decades, their use in SRC plantations is still new.
All 12 genotypes were planted in a large-scale SRC culture for the production of biomass for bioenergy. The establishment of such a large-scale multiclonal plantation allowed us to have ample replications per genotype (both areal replications to account for spatial variability, as well as replicated and harvestable plant material per tree/genotype). Growing several genotypes together while measuring their responses in a shared environment is commonly applied to understand how much genetic variation is available in particular traits (Dunlap and Stettler, 1998) . The study of this variability is then valuable for determining the efficiency of selection for the trait in future breeding and selection processes . The objectives of the study are (i) to describe and compare 12 poplar genotypes, of which two recently commercialized, based on their growth, structural and developmental characteristics, and (ii) to analyze causal relationships between determining traits and productivity characteristics assessed at leaf, tree and population level. There are very few studies where genotypic variation among different poplar genotypes has been examined at different organisational levels for such a wide range of different parameters. Results of the present study can be of use for the management of future SRC plantations, particularly in Belgium, and can serve as a source of information for future poplar breeding programs and for the selection for biomass yield.
Material and methods

Plantation and site description
This study was performed on a large-scale operational SRC plantation as part of an ambitious multidisciplinary project POP-FULL (http://webh01.ua.ac.be/popfull/). The overall aims of the project are to analyse the energy balance, the economic balance and the mitigation of greenhouse gases of bioenergy production. The POPFULL field site is located in Lochristi, province East-Flanders, Belgium (51°06 0 44 00 N, 3°51 0 02 00 E) at an elevation of 6.25 m above sea level. Subjected to an oceanic climate, the long-term mean annual temperature in the area of the site is 9.5°C and the mean annual precipitation is 726 mm (Royal Meteorological Institute of Belgium). The area is situated in the sandy soil region of Flanders with poor natural drainage according to the Belgian soil classification (Van Ranst and Sys, 2000) . Formerly, the 18.4 ha site was used as an agricultural area consisting of extensively grazed pasture and croplands, with corn as the most recent cultivated crop in rotation (Broeckx et al., 2012a) . On 7-10 April 2010 an area of 14.5 ha (excluding the headlands that remained unplanted) was planted with 12 selected and commercially available poplar (Populus) and three willow (Salix) genotypes. The poplar genotypes represented different species and hybrids of Populus deltoides, Populus maximowiczii, Populus nigra, and Populus trichocarpa. The present study focuses on the poplar genotypes only; details on the origin and the parentage of the 12 genotypes are shown in Table 1 ( after Broeckx et al., 2012a) . Half of the genotypes were bred by and obtained from the Institute for Nature and Forestry Research in Geraardsbergen (Belgium). Genotype Robusta originates from an open-pollinated P. deltoides tree, first commercialized by the nursery Simon-Louis Frères (Metz, France). The other five genotypes were bred by ''De Dorschkamp'' Research Institute for Forestry and Landscape Planning in Wageningen (The Netherlands) and, as Robusta, obtained from the Propagation Nurseries in Zeewolde (The Netherlands).
The plantation was designed in two to four large monoclonal blocks of eight double rows wide per genotype with row lengths varying from 90 m to 340 m. Twenty-five centimeter long dormant and unrooted cuttings were planted in a double-row planting scheme with alternating inter-row spacings of 0.75 m and 1.50 m and a mean distance of 1.10 m between trees within a row, yielding a planting density of 8000 trees ha
À1
. After two growing seasons (GS1 in 2010, and GS2 in 2011) the plantation was harvested on 2-3 February 2012 with commercially available SRC harvesters (Berhongaray et al., 2013) . In the following two-year-rotations trees continue growing as a coppice culture with multiple stems per stool. More details on siteconditions and plantation lay-out are found in Broeckx et al. (2012a) .
Determination of genotypic characteristics
All measurements -except those for the determination of wood characteristics, see below -were performed on the 12 planted poplar genotypes during the 2 yr of the first rotation, i.e. 2010 and 2011. Table 1 Place of origin, botanical and parental characteristics of the twelve poplar (Populus) genotypes studied (adapted from Broeckx et al., 2012a) .
Genotype
Parentage Section Place of origin Gender Year of cross/ commercialization 
Woody biomass production
Stem diameter was assessed as the main tree characteristic for woody biomass production Liberloo et al., 2006) . Stem diameters were measured for all trees in one row (ranging from 71 to 328 trees) of each monoclonal block in the dormant season after GS1 and GS2 (February 2011 and December 2011) . Diameters were measured with a digital caliper (Mitutoyo, CD-15DC, UK, 0.01 mm precision) at 22 cm above soil level Pontailler et al., 1997) . For multiple-stem trees, every stem of the tree was measured, and the number of stems per tree was recorded as well. Tree height and woody biomass were calculated using allometric relationships with stem diameter. From a subset of trees comprised in the diameter inventories (i.e. every fourth tree in a row), tree height was measured with a telescopic rule (Nedo mEssfix, NL, 1 mm precision). From the resulting linear relationship of stem height versus diameter per genotype, the height of the remaining trees in the inventory was estimated. Secondly, for each genotype an allometric power relationship was established linking above-ground woody (dry) biomass to stem diameter. These allometric relationships were determined for each of the 12 genotypes in December 2011. Based on the stem diameter distribution after GS2, ten stems per genotype were selected for destructive harvest, covering the widest possible diameter range. Following a diameter measurement at 22 cm height (D), the stem was harvested at 15 cm above soil level, the mean harvesting height of the plantation. Dry biomass (DM) of each stem was determined by oven drying for 10 days at 70°C. Biomass values were plotted against diameter and fitted as DM = a Á D b for each of the 12 genotypes (with a and b regression coefficients; cfr. Pontailler et al., 1997; Laureysens et al., 2004) . Stem diameter inventory data were considered as spatially representative, resulting in genotypic means for the plantation. Genotypic means for tree height and woody biomass production were derived from the allometric equations combined with the inventory data. Biomass production values were converted to area based values (Mg ha À1 ) using the planting distances. Means of annual genotypic diameter increment, height growth and annual biomass productivity over both GS1 and GS2 were calculated by halving the values at the end of GS2.
Foliage productivity
Leaf area index (LAI) (m 2 m
À2
) was measured in four replicated measurement plots (of 5 Â 6 trees) for each genotype in GS1 and in eight replicated measurement plots per genotype in GS2. The evolution of LAI was monitored throughout each of the two growing seasons from April to November using direct as well as indirect methods. The LAI-2200 Plant Canopy Analyzer (Li-COR Biosciences, Lincoln, NE, USA) was used to measure LAI indirectly by comparison of above-and below-canopy readings with a 45°view cap (see also Broeckx et al., 2012a) . LAI max was defined as the maximal LAI of the growing season and was averaged over all measurement plots per genotype. Direct LAI assessment consisted of leaf litter collection during the period of leaf fall, from September to December of GS1 and GS2. Three 0.57 Â 0.39 m 2 litter traps were placed on the soil along a diagonal transect between the rows in four plots per genotype. The traps were emptied every two weeks and the cumulated dry mass of the collected leaf litter was converted to LAI max using data of specific leaf area (SLA; cf. 2.2.3). Seasonal evolution of LAI in GS1 and GS2 was visualized as a curve of LAI versus day of the year. Leaf area duration (LAD) (m 2 day m
) was calculated as the area below the mean seasonal LAI curve per genotype by integrating over time.
The seasonal LAI curve was also used to estimate the radiation use efficiency (RUE) (g MJ À1 ), representing the biomass produced per unit of intercepted short-wave radiation. The intercepted short-wave radiation was calculated from the Beer-Lambert extinction law (Eq. (1); Monsi and Saeki, 2005) :
where I 0 is the incident short-wave radiation, I is the radiation transmitted below the canopy and k is the extinction coefficient.
The incoming short-wave radiation (0.3-3.0 lm) was continuously monitored at the site with a pyranometer (CNR1, Kipp & Zonen, Delft, The Netherlands) and logged automatically every 30 min (Zona et al., 2013) . The value of k of Eq. (1) was derived from the LAI data using the converted Beer-Lambert law (Eq. (2)):
The LAI max value determined through the direct leaf fall method was used as LAI value in Eq. (2). The ratio of I Á I 0 -1 was assessed during the LAI-2200 measurements at the time of LAI max , taking into account the proportion of incoming radiation on the sensor angled between 7°and 53°zenith. The resulting k values for each genotype were then used for the calculation of the total cumulated intercepted radiation throughout GS1 and GS2. Following the quantification of the total above-ground biomass per genotype as explained above, RUE was calculated as the ratio of the annual above-ground biomass production and the annual intercepted short-wave radiation. The above-ground biomass production was taken as the sum of the woody biomass production (cf. 2.2.1) and the cumulated dry mass of the collected leaf fall (cf. supra).
Individual leaf properties
The ratio of fresh leaf area to leaf dry mass, defined as the specific leaf area (SLA) (m 2 kg
À1
) (Larcher, 2003) , was assessed for each genotype at the time of LAI max in both GS1 and GS2. Three mature leaves of different individual leaf area and from different tree heights were randomly selected per measurement plot. Fresh leaf area was measured shortly after leaf collection with a Li-3000 Leaf Area Meter (Li-COR Biosciences, Lincoln, NE, USA). Leaves of plots of the same genotype were merged, oven dried at 70°C and their combined dry mass determined by weighing. A measure for individual leaf area (cm 2 ) was obtained by averaging the aforementioned assessed fresh leaf areas per genotype (n = 12). Leaf nitrogen (N) concentrations were determined by dry combustion (with a NC-2100 element analyzer, Carlo Erba Instruments, Italy) of a subsample of the grounded dried leaves for each genotype and for both GS1 and GS2.
Phenology
The phenological onset and ending of GS2 was monitored by observing the apical buds of four selected trees per measurement plot during spring and autumn 2011. The timing of spring bud flush (day of the year; DOY) was defined at a stage according to the following: ''Bud sprouting, with a tip of the small leaves emerging out of the bud scales, which could not be observed individually'' (based on UPOV, 1981) . The timing of bud set (DOY), accompanied by the end of leaf production and the end of height growth was set at the time when the ''apical bud was present but not fully closed, bud scales were predominantly green and no more rolled-up leaves were present'' (Rohde et al., 2010) . The length of the growing season (days) was then defined as the period in between these well-defined phenological stages. A detailed description of phenological observations on poplar can be found in Pellis et al. (2004) .
Wood characteristics
Wood characteristics were determined for six out of the 12 genotypes (i.e. Bakan, Grimminge, Koster, Oudenberg, Skado and Wolterson). After GS2, in January 2012, wood samples were taken from five trees in each of the eight measurement plots per genotype (n = 40). 2-cm-long specimens were cut from the main stem at a height of 5-7 cm from the base of the current-year shoot and were stored at À20°C. Thin (approx. 7 mm) disks were cut from these 2-cm-long samples for scanning with a flatbed scanner. The disk area was then determined semi-automatically in Matlab (7.12.0, 2011 Mathworks, Natick, MA, USA) on the scans. The exact thickness of the disks was measured with a Mitutoyo digital caliper and, by multiplication with the measured disk area, the fresh volume was derived. The disks were oven-dried for 48 h at 103°C, from which wood density (kg m
À3
) and moisture content (%) were derived. The remainder of the 2-cm-long specimens were ovendried, milled and analysed using an oxygen bomb calorimeter (type 6200 Isoperibol Calorimeter, Parr Instrument Company, Moline, IL, USA) to determine their higher heating value (HHV) (MJ kg
À1
), an indicator of the caloric heating potential of the wood.
Sensitivity to rust
The degree of rust infection (Melampsora larici-populina) was assessed in the field for each genotype at one single time during GS1 and GS2. Using a poplar-specific scoring system (Legionnet et al., 1999; Dowkiw and Bastien, 2004) , each genotype was given a score for leaf rust infection by observing the grade of coverage by spore uredinia of 15-20 leaves (scores from 0 = 'no uredinium visible' to 8 = 'more than 75% of the leaf surface covered with uredinia'). In a similar approach trees were given an overall score (0-5) of rust infection based on the percentage of infected leaves and their location on the tree as well as the degree of leaf discoloration and/or leaf abscission (Steenackers, 2010) .
Data analysis
Besides the determination of means and ranges, the coefficient of variance (COV) of every parameter was calculated as the ratio of its standard deviation to its mean value, reported as a percentage (%). To identify causal relationships between traits and productivity, bivariate correlations were made with biomass production and among all parameters mutually. The Pearson correlation coefficient -and its level of significance -was used to quantify the correlation. As an exception, the correlations with rust sensitivity scores and wood characteristics (Fig. 1) were assessed with the Kendall's tau rank coefficient since these data were not normally distributed. Furthermore, a hierarchical cluster analysis was performed to see whether genotypes of similar origin or parentage clustered together and to visualize the multivariate effects characterizing biomass production. Cluster analysis is an appropriate tool for evaluating and classifying genotypes according their productivity and related traits (Ares and Gutierrez, 1996; Tharakan et al., 2005; Guo and Zhang, 2010) . Variables with correlation coefficients higher than 0.90 were eliminated for cluster analysis. The remaining variables were standardized on a range of À1 to 1; the Euclidean distance was used as measure for similarity; complete linkage (furthest neighbour) was applied as clustering algorithm. All data analyses were performed in SPSS (Version 20, SPSS Inc., Chicago, IL, USA).
Results
The minimum and maximum values observed for the 12 genotypes in terms of biomass production, growth traits, the different leaf and wood characteristics, phenological parameters and rust infections in GS1 and GS2 are shown in Table 2 . The reported COV's indicated the variation among the genotypic averages; they are relative to the absolute values, though mutually comparable. Most prominently, the lowest COV of <1% was found for the HHV, ranging from 19.33 to 19.60 MJ kg
À1
, showing that there was hardly any variation in the average HHV among the 12 genotypes. Other wood characteristics did neither vary much among genotypes (COV of only 5-7%). On the other hand, the individual leaf area differed tremendously among the different genotypes (COV of 51%), ranging from small leaves of 79.9 cm 2 for Brandaris to very large leaves of 306.3 cm 2 for Skado. LAI max also showed a high variation among the genotypes, with a slightly higher variation in GS2 (COV of 32-35%) as compared to GS1 (COV of 23-32%). As a result of the very fast growth of all genotypes during the second year after establishment, values of LAI max doubled or tripled from GS1 to GS2. Genotypic means (±standard deviation) of LAI max of both growing seasons are shown in Table 3 . LAD showed a somewhat higher variance (COV 31-41%). Minor genotypic and annual differences were expressed in SLA, with a mean value of 12.69 m 2 kg À1 . For both tree height and stem diameter, and hence also total biomass, variation among genotypes increased in GS2 as compared to GS1. Biomass production had a COV twice as large (38%) as stem diameter (15%) and tree height (19%). The mean biomass production over both growing seasons ranged from 1.52 Mg ha À1 yr
for Brandaris to 7.22 Mg ha À1 yr À1 for Hees (Tables 2 and 3 ). Differences in bud set and bud flush dates in GS2 were limited. Except for the T Â M genotypes, which had both the earliest start and the latest end of GS2, all other genotypes had their bud flush as well as their bud set within maximal two weeks separated from each other. Sensitivity to rust also showed a rather high variation (COV's between 23 and 46) among the 12 genotypes (Tables 2  and 3 ), confirming the importance of this selection criterion in most breeding and selection programmes of poplar.
An overview of the results of the correlation analysis between biomass production and the different leaf characteristics, the growth traits, the phenological parameters and rust sensitivity is given in Table 4 . The mean biomass production was strongly positively correlated with stem diameter and height growth, with LAI max (see also Fig. 1 ) and LAD, and also with SLA. Negative correlations were found with the degree of rust infection (Fig. 1) . Similar correlations as for biomass production were found for diameter growth. Height growth on the other hand, was neither correlated with LAI nor with LAD, and only weakly with rust infection. Tree height was significantly correlated with the individual leaf area as well as with the timing of bud set in GS2. Phenological dates were poorly related to other parameters. The few significant correlations with phenological dates showed that the later bud set, the higher the biomass production and the RUE; this was also explained by the lower rust infection. LAI max and LAD of GS2 were negatively correlated with the rust infection during GS1. In GS1, the number of stems grown from a cutting was inversely proportional to the height reached after the first (establishment) year and also to the individual leaf area. The individual leaf area on its turn was negatively correlated with the nitrogen concentration in the leaf (Fig. 2) . With regard to the wood characteristics, few correlations with other traits were observed. Overall, the wood density was negatively correlated to biomass production ( Fig. 1 ). No correlation with wood moisture content was found, neither with the HHV of the wood which was very uniform among the six examined genotypes (Table 2 ). Only the moisture content was obviously, though not significantly, negatively correlated to wood density. Following the elimination of highly correlated (Pearson correlation coefficient P0.90) variables, a cluster analysis was performed on the remaining variables listed here: mean height growth, stem diameter in GS2, mean biomass production, bud flush and bud set dates in GS2, length of GS2, LAI max in GS1 and GS2 (indirect method), LAD in GS1 and GS2, mean number of stems per tree, mean SLA, RUE in GS1 and GS2, individual leaf area and leaf N concentration. The resulting clustering dendrogram is shown in Fig. 3 . Since there is no indisputable method for determining the number of clusters in a cluster analysis (Everitt, 1979) , the number of clusters was determined by parsing this classification tree according to the rescaled cluster distance (Fig. 3) . Starting from the right along the x-axis, two groups were distinctly differentiated from each other, namely on the one hand the group of all genotypes bred by and obtained from the Belgian Institute for Nature and Forestry Research (INBO) plus Hees, and on the other hand the group of the four other genotypes selected by ''De Dorschkamp'' Research Institute for Forestry and Landscape Planning in the Netherlands and Robusta (Table 1). Restricting the clustering to these two groups did not provide useful information apart from the origin of the poplar planting materials. When moving further to the left on the x-axis, For wood characteristics, indicated with * , only six genotypes were studied (n = 6). Height GS1 (GS2) = shoot height after the first (second) growing season; mean height growth = mean height growth over GS1 and GS2; diameter GS1 (GS2) = stem diameter at 22 cm height after the first (second) growing season; mean diameter increment = mean diameter increment over both seasons; biomass GS1 (GS2) = standing above-ground woody dry mass after the first (second) growing season; mean biomass production = mean biomass production over both seasons; LAI max = maximum leaf area index of the growing season (measured with a direct method (dm) and with an indirect method (im)); LAD = leaf area duration; SLA = specific leaf area; RUE = radiation use efficiency; HHV = higher heating value; rust score tree/leaf = level of rust infection scored at tree/leaf level; lamina nitrogen = nitrogen concentration of leaves; DOY = day of year. The coefficient of variance (COV) is the ratio of the standard deviation among genotypic values to the mean value, reported as a percentage (%). GS1 (GS2) = first (second) growing season; biomass = standing above-ground woody dry mass at the end of the growing season; LAI max = maximum leaf area index of the growing season (measured with the indirect method (im)); RUE = radiation use efficiency; rust score leaf = level of rust infection scored at leaf level. Table 4 Correlations between growth traits, leaf characteristics, phenological parameters and rust sensitivity of 12 poplar genotypes grown in a short rotation coppice plantation during its first rotation (n = 12). Significance levels of Pearson correlation: ns = not significant (p > 0.05); + = 0.01 < p 6 0.05; ++ = p 6 0.01 for positive correlations, equally with -sign for negative correlations. For rust sensitivity parameters, symbols indicate significance of the non-parametric Kendall's tau correlation fit. Height GS1 (GS2) = stem height after the first (second) growing season; mean height growth = mean height growth over GS1 and GS2; diameter GS1 (GS2) = shoot diameter at 22 cm height after the first (second) growing season; mean diameter increment = mean diameter increment over both seasons; biomass GS1 (GS2) = standing above-ground woody dry mass after the first (second) growing season; mean biomass production = mean biomass production over both seasons; LAI max = maximal leaf area index of the growing season (measured with a direct method (dm) and indirect method (im)); LAD = leaf area duration; SLA = specific leaf area; RUE = radiation use efficiency; rust score tree/leaf = level of rust infection scored at tree/leaf level; lamina nitrogen = leaf nitrogen concentration. the T Â M genotypes first dissociated from the first group followed by Hees. At the following larger gap in the distance coefficients, five clusters were identified (Fig. 3) . The mean values of the different parameters used in the analysis and the variance within clusters are reported in Table 5 . The five clusters were clearly related to the genetic background of the genotypic plant materials, as well as to their biomass production. Cluster 1 consisted of three D Â N genotypes and the only D Â (T Â D) genotype, all four genotypes bred by INBO. The four genotypes of this cluster were characterized by intermediate, but similar production characteristics within the cluster, indicated by the low COV for e.g. LAI (11%) and height growth (4%) ( Table 5) . There was high variation in the individual leaf area (COV of 25%) in this cluster (see also Fig. 2) . Cluster 4 contained three D Â N genotypes, i.e. Ellert and Koster, both selected by ''De Dorschkamp'' and Robusta. Genotypes of this cluster all showed a biomass production performance in the lower range and had a higher tendency to grow in multiple stems from the planted cuttings in comparison with genotypes from cluster 1, 3 (and 5). Genotype Hees (D Â N) was separated from all other genotypes in a singleton cluster. Hees had strong similarities in external morphology (e.g. crown structure, pyramidal tree shape; Broeckx et al. (2012b) and personal observations) with genotypes of cluster 4, but Hees was characterized by a deviating high biomass production. Hees had a mean above-ground woody biomass productivity of 7.22 Mg ha À1 yr
and in GS2 its LAI max reached a value of 4.37. Genotypes Bakan and Skado, forming cluster 3, were distinguished by their single and high stems, long growing period, high woody biomass production and typically large leaves. In contrast, Brandaris and Wolterson (cluster 5) were the least productive of all studied genotypes. So, the different traits and characteristics studied allowed to discriminate genotypes based on their genetic background and on their biomass production.
Discussion
Obviously, genotypes of the same parentage clustered together based on the traits and parameters examined, except for the ) were grouped in cluster (2 and) 4, also including Robusta. This clustering pattern can be explained by the fact that hybrid genotypes bred by a particular producer/breeder were selected according to specific criteria and, by the fact that they frequently have the same or genetically highly related parents. For example, Muur, Oudenberg and Vesten have the same P. deltoides genotype as their maternal parent (Table 1) ; the paternal parents of Oudenberg and Vesten are full-sibs and the parents of the paternal parent of Muur have the same origin as the parents of Vesten's and Oudenberg's paternal parent (Van Slycken et al., 2005) . The parental trees of Ellert, Hees, Koster have the same origin, obviously different from Robusta which is a much older genotype from French origin with an unknown paternal tree (Centrum voor Genetische Bronnen). The most prominent results were shown by Hees, which was expected to cluster with Koster and Ellert; however, due to its particularly high productivity Hees formed a cluster on its own. On the contrary, Brandaris and Wolterson jointly forming cluster 5 were the least productive genotypes. These are both P. nigra genotypes and also the only pure native European species of the study. The biomass production of all hydrids involving P. nigra as a parent was higher than this of the parent species itself, suggesting a positive heterosis (i.e. hybrid vigour; Stettler and Ceulemans, 1993) . Although no pure P. deltoides genotype was incorporated in our study, D Â N hybrids outperforming their parents was frequently shown before (Stettler et al., 1996; Marron and Ceulemans, 2006) . Leaves of P. deltoides are larger in size and smaller in quantity compared to P. nigra, typically having small leaves ( Fig. 2 ; Ridge et al., 1986; Ceulemans, 1990; Marron and Ceulemans, 2006) . Hybrids of D Â N combine both strategies, resulting in a larger total leaf area and associated biomass production than both parental species (Orlović et al., 1998; Marron and Ceulemans, 2006) . Both individual leaf size and LAI max were lowest for the P.
nigra species in comparison with the D Â N hybrids in the present study (Table 5 ; Figs. 1 and 2 ). On the other hand the T Â M genotypes Bakan and in particular Skado were among the highest productive genotypes (Table 5) . Their early bud flush was the most distinctive trait of these two T Â M genotypes, which could be attributable to the southern (Japanese) origin of their parents (Table 1; Michiels et al., 2008) . Together with their late bud set date, the long growing period was one of the factors contributing to their high growth performance. However the positive correlation of mean biomass vs. growing season length was not significant (p = 0.099; Table 4 ), genotypes Skado and Bakan (cluster 3) had the longest growing season and showed the highest biomass production after Hees (Table 5 ). The strong correlation of LAD with biomass furthermore confirms these results. Whereas LAI max of Bakan and Skado had the same magnitude compared to clusters 1 and 4, their LAD was much higher, indicating the higher importance of the growing season length. In GS2 frequent events of windsnap of the upper and poorly lignified part of the main stem were observed for both T Â M genotypes (personal observations). Due to their tall height and large, heavy leaves (Fig. 2) , they experienced a higher wind pressure. Moreover, the higher in the canopy, the larger their individual leaf area (unpublished results). Since the T Â M genotypes had the highest slenderness (ratio of stem height to diameter) among the studied genotypes, in combination with their high above-ground biomass (Table 5) , they were more susceptible to windsnap (Harrington and DeBell, 1996) . In contrast, the N and D Â N genotypes, and in particular the hybrids of clusters 2, 4 and 5 were generally shorter and had smaller leaves (Fig. 2) . Moreover, due the higher branchiness of these D Â N genotypes (Broeckx et al., 2012b) , they experienced higher mutual support, decreasing the risk to sway in the wind (Harrington and DeBell, 1996) . During the breeding and selection procedure, the Dutch genotypes (from ''De Dorschkamp'' Research Institute for Forestry and Landscape Planning in Wageningen) were specifically screened for wind tolerance (de Vries, 2008) , a crucial characteristic for the low lands of The Netherlands. In the Flemish poplar breeding programme wind tolerance as such was not taken up as one of the primary selection criteria (Steenackers et al., 1990; De Cuyper, 2008) . Table 5 Mean cluster values of growth traits, leaf characteristics, phenological parameters and rust sensitivity. Mean height growth = mean height growth over the first (GS1) and second growing season (GS2); diameter GS2 = stem diameter at 22 cm height after the two growing seasons; mean biomass production = mean above-ground woody biomass production over both seasons; LAI max = maximal leaf area index of the growing season measured with the indirect method (im); LAD = leaf area duration; SLA = specific leaf area; RUE = radiation use efficiency; lamina nitrogen = nitrogen concentration of leaves. The coefficient of variance (COV) is the ratio of the standard deviation among genotypic values in the cluster to the mean cluster value, reported as a percentage (% One of the main criteria in both breeding and selection programmes in Flanders and The Netherlands, is disease (including leaf rust) resistance. Resistance to leaf rust in Populus has been shown to be under strong genetic control (Rajora et al., 1994; Dunlap and Stettler, 1998) . Since leaf rust resistance is often strongly correlated at different tree ages, early selection for this trait appears feasible (Rajora et al., 1994) . The results of this study confirmed that biomass production decreased with increasing rust infection (Fig. 1) in line with previous reports (Royle and Ostry, 1996; Steenackers et al., 1996; Dunlap and Stettler, 1998) . The infection of rust was more severe and started earlier in the year in GS1 than in GS2, and had therefore a larger impact on biomass growth. In GS1 the rust infection on Robusta caused a sudden decrease in LAI, a black coloration of leaves and leaf fall after week 35 (Broeckx et al., 2012a) . As expected, genotype Robusta was most susceptible to rust among all the genotypes. Robusta is the oldest of the genotypes (Table 1) , and is known for poor rust resistance (Centrum voor Genetische Bronnen; Steenackers et al., 1990 ) and slow growth (Barigah et al., 1994; Ceulemans et al., 1996; Meiresonne, 2006) . P. deltoides species are frequently used for (back)crossing to breed rust-resistant genotypes (Steenackers et al., 1990; Steenackers, 2010) . Genotype Grimminge, which is a back-cross of (P. trichocarpa Â P. deltoides) with a P. deltoides maternal parent, showed an intermediate rust infection of all genotypes of this study. Besides Robusta, also the P. nigra genotypes showed a rust score in the higher range ( Fig. 1; Table 3 ); this probably also explained their low productivity. Nowadays, breeding and selection strategies in Flanders aim at partial resistance and tolerance to rust rather than complete resistance due to newly arising, more virulent pathotypes that caused the breakdown of rust resistance between 1980 and 2000 (De Cuyper, 2008 .
Concerning the wood characteristics, only poor genotypic variation was observed (Table 2 ). Similar to previous findings (Benetka et al., 2002) , very small differences (COV <1%) in the HHV between the six genotypes were found, with a mean value of 19.45 MJ kg
À1
. This is well within the range reported in a review study on biomass quality of poplar which also concluded the small variation in HHV that exists among poplar species (Kenney et al., 1990) . Therefore, selection for this trait presumably only brings about little genetic improvement. Wood quality has the lowest priority among the selection criteria for breeding and selection programs for poplar cultivars in Flanders, in particular with regard to SRC cultivation (Steenackers et al., 1990) . Despite poor variation in wood density as well, a significant negative correlation with biomass production was found (Fig. 1) . The lower yielding genotypes (e.g. Brandaris, Wolterson, Koster) had a shorter growing season, grew slower and less vigorously, and produced a denser structured wood. Nevertheless, due to their lower growth the analysed wood disks had a smaller diameter and an associated larger proportion of bark as compared to the more productive genotypes, which could have influenced the relationship of wood density and biomass production. A negative correlation between growth rate and wood density in Populus spp. was shown in a number of studies (Beaudoin et al., 1992; Pliura et al., 2007; Zhang et al., 2012) , although no relationship was reported in other studies (Farmer, 1970; DeBell et al., 2002; Zhang et al., 2003) since growth rate usually has little or no influence on wood density in diffuse-porous hardwoods (Barnett and Jeronimidis, 2003) . Despite a high genetic control of wood density in poplar (Kenney et al., 1990) , minor importance was attributed to this trait due to the low variation and its poor effect on biomass yield. A similar reasoning held true for wood moisture content, which also showed little variation among genotypes (COV of only 7%). Also little variation of these wood characteristics within the studied genotypes was observed (slightly higher than the variation among the genotypic averages; data not shown), which is likewise important regarding the conversion efficiency to bioenergy. Nevertheless, despite the uniformity of wood characteristics observed in this study and hence their assumed minor importance in breeding and selection for bioenergy purposes the selection for high calorific values, high wood densities and low moisture contents remains overall important.
The negative correlation of individual leaf area with leaf nitrogen content (Fig. 2) indicated that in the larger-leaved trees leaf nitrogen was diluted over the larger leaf area as compared to the high nitrogen concentration in the leaves of the smaller-leaved genotypes. This dilution hence meant an optimization of nitrogen use since the larger leaves allow more light interception. In large leaves, a lower photosynthesis per unit of leaf area is often compensated by photosynthesis of a larger leaf area (Tharakan et al., 2005; Marron et al., 2007) . Preliminary, unpublished results indeed showed a positive correlation of photosynthetic capacity with leaf nitrogen content (Beernaert, 2012) . Nevertheless, the relative differences in individual leaf area among genotypes (Fig. 2) were much larger than the relative variation in photosynthesis, suggesting that leaf area is the most influencing factor in total photosynthesis. This was partly evidenced by the positive correlation between individual leaf area and biomass production in GS1 (Table 4), which was previously demonstrated for several poplar genotypes (Ridge et al., 1986; Barigah et al., 1994; Harrington et al., 1997) . This correlation between individual leaf area and biomass production was also valid in GS2, and for the pooled data of GS1 and GS2, although less significant (p = 0.060). When ignoring Hees -i.e. the isolated genotype in cluster 2 -the aforementioned correlation was perfectly true (p = 0.001). Furthermore, individual leaf area showed a strong positive correlation with tree height growth (Fig. 2) , which on its turn was positively correlated with biomass production. As is also evidenced from the present study, LAI rather than individual leaf area is a logic and reliable indicator of biomass production (Ceulemans, 1990; Barigah et al., 1994; Orlović et al., 1998; Tharakan et al., 2005) . LAI max showed a strong positive correlation with biomass productivity, both in GS1 and GS2 (Fig. 1, Table 4 ). Furthermore LAD, incorporating the evolution of LAI over the growing season, was also strongly correlated to biomass production (Table 4) . Leaf area development was reported earlier as a reliable trait for the early selection of high productivity in poplars Bunn et al. 2004) . In contrast to the expectations, RUE was not correlated to the biomass production related traits (except for the positive correlation between RUE and height growth in GS1). The genotypic mean of RUE in GS2 was 0.50 g MJ À1 , which is low compared to the range of 1-2 g MJ À1 frequently reported for poplar (Cannell et al., 1988; Landsberg and Wright, 1989; Green et al., 2001 ), but much higher than the 0.002-0.041 g MJ À1 reported for a comparable poplar SRC culture in Belgium (Deraedt and Ceulemans 1998) .
Conclusions
The clustering of the poplar genotypes studied here was clearly determined by parentage and genetic origin. Distinct differences between clusters were expressed in the biomass related characteristics; genotypes of similar parentage and origin showed comparable characteristics. P. nigra genotypes were the least performing among the studied genotypes. The most recently commercialized P. trichocarpa Â P. maximowiczii hybrids on the other hand, were among the most productive genotypes. As HHV values were rather similar among genotypes, biomass production appeared the more important trait with regard to bioenergy production; this has important implications with regard to SRC cultures aimed to maximize biomass production for maximum bioenergy yield. Besides the direct (diameter) measurements of woody biomass growth, LAI is one of the most important early selection criteria for poplar with bioenergy purposes. The negative correlation of biomass and leaf rust infection reconfirmed the importance of disease vulnerability in breeding and selection programs.
